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Abstract: 

An optical fiber is fabricated provided with a refractive index profile having a 
central core (1); a middle part (2) provided around the outer periphery of the 
central core and having a lower refractive index than that of the central core; and 
a cladding (4) provided around the periphery of the middle part and having a 
higher refractive index than the middle part and a lower refractive index than the 
central core. This optical fiber has an effective core area of 120 mu m<2> or 
more in an employed wavelength band selected from the range of 1.53 SIMILAR 
1.63 mu m, and has a cut-off wavelength that is capable of substantially single 
mode propagation in the aforementioned employed wavelength band. As a 
result, it is possible to construct an optical transmission system having excellent 
transmission characteristics in which nonlinearity are decreased. 
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(54) Optical fiber having large effective area and dispersion-compensated optical transmission 
system 



(57) An optical fiber is fabricated provided with a re- 
fractive index profile having a central core (1); a middle 
part (2) provided around the outer periphery of the cen- 
tral core and having a lower refractive index than that of 
the central core; and a cladding (4) provided around the 
periphery of the middle part and having a higher refrac- 
tive index than the middle part and a lower refractive 
index than the central core. This optical fiber has an ef- 



fective core area of 1 20 urn 2 or more in an employed 
wavelength band selected from the range of 1 .53— 1 .63 
um, and has a cut-off wavelength that is capable of sub- 
stantially single mode propagation in the aforemen- 
tioned employed wavelength band. As a result, it is pos- 
sible to construct an optical transmission system having 
excellent transmission characteristics in which nonline- 
arity are decreased. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present invention relates to an optical fiber and to an optical transmission system employing this optical 
fiber. More specifically, the present invention relates to an optical fiber having a relatively simple structure, that has an 
increased effective core area and can reduce nonlinearity in an employed wavelength band selected from the range 
10 of 1 .53-1 .63 urn, and to an optical transmission system employing this optical fiber. 

Background Art 

[0002] As erbium-doped optical fiber amplifiers have entered practical use, systems such as very-long-distance non- 
15 repeating relays for wavelengths of 1.53-1.63 jam have become commercially available. Further, the development of 
WDM (wavelength division multiplex) transmission has progressed rapidly with the increase in transmission capacity, 
with wavelength multiplex transmission already commercially available on a number of transmission paths. Rapid 
growth in the number of wavelength multiplexes is anticipated in the future. 

[0003] In WDM transmission, the optical power propagating through the optical fiber is very greatly increased in order 
20 to transmit a number of optical signals of different wavelengths in a single optical fiber. For this purpose, it is essential 
to have a technique for reducing nonlinearity so that deterioration in the transmission characteristics can be avoided. 
[0004] The size of the nonlinearity is expressed as n^Aeff, where n 2 is the non-linear refractive index for the optical 
fiber, and Aeff is the effective core area of the optical fiber. In order to decrease the nonlinearity, n 2 must be decreased 
or Aeff must be increased. 

25 [0005] Because n 2 is a constant value for the material, it is very difficult to significantly decrease n 2 in a quartz- 
derived optical fiber. Accordingly, Aeff must be increased. A number of designs having complicated refractive index 
profiles have been developed, however, all of these are quite expensive. 

[0006] On the other hand, 1.3 um single mode optical fibers have been widely used in conventional transmission 
systems. 

30 [0007] However, when the employed wavelength band is set in the 1.53-1.63 urn range in the case of a 1.3 urn 
single mode optical fiber, then bending loss (macrobending loss)increases and there is a worsening of the transmission 
loss that arises due to the slight bending that occurs during laying of the optical fiber. 

[0008] A cut-off shift optical fiber (CSF) has therefore been proposed in which the bending loss is reduced by making 
improvements to the 1 .3 ujti single mode optical fiber. 
35 [0009] The CSF has low bending loss in 1.5 ujti wavelength band by shifting conventional cut-off wavelength (1 .2 
um) of the 1.3 jjm single mode optical fiber into 1.4-1.5 um 

[0010] However, since this cut-off shift optical fiber is not intended to control nonlinearity, it does not have an Aeff 
that is large enough for this purpose. 

40 SUMMARY OF THE INVENTION 

[0011] The present invention is therefore directed to the provision of an optical fiber in which the Aeff is increased 
in an employed wavelength band selected from the range of 1.53-1.63 ujti. 

[0012] It is also the objective of the present invention to provide an optical fiber having a relatively simple refractive 

4S index profile that can be fabricated at low cost. 

[0013] In order to resolve the above-described problems, the present invention's optical fiber is provided with a 
refractive index profile having a central core, a middle part that is provided around the outer periphery of the central 
core and has a lower refractive index than the central core, and a cladding that has a refractive index that is higher 
than the middle part but lower than the central core. The present invention's optical fiber has an effective core area 

so that is 120 ujti 2 or larger in an employed wavelength band selected from the range of 1 .53-1 .63 yim, and has a cut- 
off wavelength that is substantially capable of single mode propagation in this employed wavelength band. In addition, 
an optical transmission system can be constructed by disposing a dispersion compensating optical fiber to the side of 
the optical fiber where the optical signal is emitted for compensating one or both of the optical fiber's wavelength 
dispersion and dispersion slope. 

55 [0014] In the present invention, by adjusting the structural parameters of an optical fiber having a refractive index 
profile of a relatively simple structure, it is possible to provide at low cost an optical fiber which has an increased Aeff 
and a cut-off wavelength that enables single mode propagation in an employed wavelength band selected in the range 
of 1.53-1.63 ujti. Moreover, bending loss can be reduced to a value that is acceptable to the application. 
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[0015] As a result, the present invention enables the provision of an optical fiber in which a transmission loss is 
avoided by reducing nonlinearity in an employed wavelength band selected from the range of 1.53-1.63 pm. At the 
same time, a worsening of transmission loss due to the microbending that occur during installation does not readily 
occur in the present invention's optical fiber, and single mode propagation is assured. 
s [0016] Further, by combining the present invention's optical fiber with a dispersion compensating optical fiber, it is 
possible to reduce the degradation of optical signal that is caused by nonlinearity and dispersion characteristics, and 
to construct an optical transmission system that has excellent transmission characteristics. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 

[0017] Figure 1 is a cross-sectional view of one example of an resin-coated optical fiber. 

[0018] Figure 2 is a graph showing an example of the relationship between Aeff and the increase in the sandpaper 
tension winding loss. 

[001 9] Figure 3 is a graph showing a first example of the refractive index profile for the present invention's optical fiber. 
is [0020] Figure 4 is a graph showing the relationship between the cut-off wavelength according to the 2 m method, 
and Aeff and bending toss at an employed wavelength of 1.55 pm, when varying the structural parameters shown in 
Figure 3. 

[0021] Figure 5 is a graph showing a second example of a refractive index profile for the present invention's optical 
fiber. 

20 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0022] The employed wavelength band for the present invention's optical fiber is selected in the range of 1 .53-1 .63 
um For example, a range of 1 .53-1 .57 jam or 1 .57-1 .63 u/n is suitable selected based on the amplified wavelength 
25 band of an erbium-doped optical fiber amplifier composing the transmission system. 
[0023] Aeff can be determined from the following equation. 



[0024] Where a is the core radius and E(a) is the electric field strength at radius a. 
[0025] It is desirable that Aeff is big as possible. 

[0026] Based on investigations conducted by the present inventors, the reduction in nonlinearity when Aeff is less 
40 than 120 u/n 2 is insufficient. Therefore, for the present invention's optical fiber, it is indicated that Aeff is 120 pm 2 or 
larger, and preferably, 140 pm 2 or larger. 

[0027] When Aeff becomes too large, transmission loss may increase for the reasons discussed below. Thus, Aeff 
is essentially established to be 250 pm 2 or less. 

[0028] In other words, when Aeff becomes large, such disadvantages arise as worsening transmission loss due to 
45 microbending, and difficulty of inspection during the fabrication process. Moreover, the degree of deterioration will vary 
depending on the cable's structure. However, worsening transmission loss occurs readily even in such typical usage 
conditions as the housing of excess length or the bundling of fibers into a cable. When transmission loss increases 
under such conditions of use, it is necessary to increase the power input. As a result, nonlinearity occur more readily 
accompanying the increase in the input power. Thus, the effect of controlling nonlinearity by increasing Aeff is dimin- 
50 ished. 

[0029] Bending loss is a value measured with the employed wavelength in a fiber bent at a bend radius (2R) of 20 mm. 
[0030] The bending loss characteristics should be determined based on whether the optical fibers have been bundled 
into a cable and on the environment in which the optical fiber cable is to be used. For example, when a tape-shaped 
optical fiber is embedded in a tight structural member, then a range of 20 dB/m or less is preferably selected. However, 
55 in the case of a so-called "loose tube" optical cable, the range may be 1 00 dB/m or less since such a large force is not 
impressed. 

[0031] In order to reduce the bending loss, it is desirable to shift the cut-off wavelength to the longer wavelengths 
as much as possible. 
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[0032] Since the present invention's optical fiber is a single mode fiber, it must have a cut-off wavelength that ensures 
single mode propagation in the employed wavelength band. 

[0033] The usual cut-off wavelength is measured a 2 m long sample by the bending method as recommended by 
CCITT-G.652 (hereinafter, referred to simply as "2 m method'). However, under the conditions for use of the optical 
s fiber length, single mode propagation is possible even if this value is further toward the longer wavelengths than the 
lower limit of the employed wavelength band. 

[0034] Accordingly, in the present invention's optical fiber, the cut-off wavelength defined by the 2 m method is set 
to the longer wavelengths so as to enable single mode propagation according to the length of the optical fiber employed 
and the employed wavelength band, and so as to enable as much of a reduction in the bending loss as possible. 

io Specifically, provided that the cut-off wavelength based on the 2 m method is 1 .7 um or less, then single mode prop- 
agation can be realized in a 1 .53-1 .63 um employed wavelength band for an optical fiber length of 5000 m or more. 
[0035] In the present invention's optical fiber, it is preferable that the increase in the sandpaper tension winding loss 
when an optical fiber is employed as the resin-coated optical fiber be 10 dB/km or less. 
[0036] The increase in the sandpaper tension winding loss is the value measured by the following method. 

15 [0037] Sandpaper {SiC with an average particle diameter of 50 um (#360, for example)} is wrapped around the trunk 
portion of a bobbin that has a trunk diameter of 380 mm, and the transmission loss is measured with an resin-coated 
optical fiber of the structure described below wrapped once around the outer periphery of the sandpaper covered 
bobbin at 100 gf. 

[0038] The resin-coated optical fiber is then unwound from the bobbin and the transmission loss is measured while 
20 applying almost no tension (this state is referred to as a "non-tension bundle"). 

[0039] The difference in transmission loss between these two states is determined, and is defined as the increase 
in the sandpaper tension winding loss (Act) 

[0040] Figure 1 is cross sectional view showing an example of an resin-coated optical fiber. A primary coating layer 
13, consisting of a relatively soft plastic, and a secondary coating layer 14, consisting of a harder plastic than primary 
25 coating layer 13, are provided about bare optical fiber 12, which consists of a core 12a and a cladding 12b that is 
provided around this core 12a. 

[0041] Bare optical fiber 12 consists of the typical quartz glass derived material. A usual ultraviolet light curable resin 
having a Young's modulus of 1 Mpa or less is employed for primary coating layer 1 3, while a UV curable resin having 
a Young's modulus of 500 Mpa or more is employed for secondary coating layer 14. The UV curable resins that are 
30 employed in primary coating layer 1 3 and secondary coating layer 1 4 may be selected from among urethane acrylate, 
polybutadiene acrylate, epoxy acrylate, silicon acrylate or polyester acrylate derived resins. 

[0042] The outer diameter A of a typical bare optical fiber 12 is in the range of 100-1 25 ujt», the outer diameter B of 
primary coating layer 1 3 is in the range of 1 30-250 ujti, and the outer diameter C of the secondary coating layer 14 is 
in the range of 160-400 um. More specifically, in the usual 250 um resin-coated optical fiber, outer diameter A is 125 
35 jjjti, outer diameter B is 200 um more or less, and outer diameter C is 250 urn more or less. Moreover, in the usual 
400 um resin-coated optical fiber, outer diameter A is 125 um, outer diameter B is 240 urn more or less, and outer 
diameter C is 400 um more or less. 

[0043] When the cable structure is a so-called tight structure, then it is preferable that the increase in the sandpaper 
tension winding loss is selected to be in the range of 1 dB/km or less. In the case of a so-called loose tube optical cable 
40 however, a value of 1 0 dB/km or less is acceptable since the lateral pressure is small. When the increase in the sand- 
paper tension winding loss becomes large, then such disadvantages arise as an increase in the transmission loss 
when rendering the fibers into a cable. 

[0044] The increase in the sandpaper tension winding loss depends on the value of Aeff. It will also vary depending 
on the outer diameter of the covering of the resin-coated optical fiber and the coating resin employed, however. Spe- 

45 cifically, it is preferable that Aeff be 120 um 2 or more, and the increase in the sandpaper tension winding loss be 10 
dB/km or less, in this case, employment as a loose tube optical cable with a coating outer diameter of 250 um is possible. 
[0045] it is preferable that Aeff be 1 20 um 2 or more and the increase in the sandpaper tension winding loss be 1 dB/ 
km or less. In this case, for a coating outer diameter of 250 um, a fiber in which the Aeff is 120-1 30 um 2 can be used 
as a loose tube or tight structure optical cable. Alternatively, for a coating outer diameter of 400 um, a fiber in which 

50 the Aeff is 1 20-160 um 2 can be used as a loose tube or tight structure optical cable. 

[0046] Further, it is preferable that Aeff is in the range of 120-150 um 2 and the increase in the sandpaper tension 
winding loss is 0.3 dB/km or less. In this case, for a coating outer diameter of 400 um, a fiber in which the Aeff is 
120-150 um 2 can be used as a tight structure optica! cable. 

[0047] Figure 2 is a graph showing an example of the relationship between Aeff and the increase in the sandpaper 
55 tension winding loss. The measured wavelength here is 1550 nm. The resin-coated optical fibers in this example are 
250 um and 400 um resin-coated optical fibers. 

[0046] As may be understood from this graph, the increase in the sandpaper tension winding loss grows larger 
accompanying the increase in Aeff. When Aeff is 1 50 um 2 or less, an optical fiber having a sufficiently small increase 
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in the sandpaper tension winding loss can be provided. Namely, the increase in the sandpaper tension winding loss 
of the 250 nm resin-coated optical fiber is 10 dB/km or less, and the increase in the sandpaper tension winding loss 
of the 400 u/n resin -coated optical fiber is 1 dB/km or less. 

[0049] In order to have these types of characteristics, it is necessary to have a refractive index profile such as shown 

s in Figure 3 or in Figure 5. 

[0050] The first example of a refractive index profile shown in Figure 3 is formed of a central core 1 , a middle part 2 
provided around the outer periphery of central core 1 , and a cladding 4 which is provided around the outer periphery 
of middle part 2. The relationship between the refractive indices of these layers is such that the refractive index of 
middle part 2 is less than that of central core 1, and the refractive index of cladding 4 is higher than middle part 2 but 

io lower than central core 1 . 

[0051] Central core 1 of this optical fiber is formed of pure quartz glass or of quartz glass doped with germanium 
that has the effect of increasing the refractive index; middle part 2 is formed of pure quartz glass or quartz glass doped 
with fluorine that has the effect of decreasing the refractive index; and cladding 4 is formed of quartz glass, fluorine- 
doped glass, or quartz glass doped with chlorine that has the effect of raising the refractive index. 

is [0052] This optical fiber can be fabricated using a VAD method, for example. 

[0053] When the radius of central core 1 is designated as r, and the radius of middle part 2 (core radius) is designated 
as r 2 , then it is preferable that 3.0^y r i^5 0 W r 2^ r i is less tnan 3 °- tnen tne light's electric field passes through middle 
part 2 and readily reaches cladding 4, so that bending loss tends to increase: Moreover, when r^r., exceeds 5.0, then 
the effect of providing a middle part 2 decreases and the light's electric field is too strongly enclosed in the core. As a 

20 result, the effect provided by increasing Aeff tends to diminish. 

[0054] The cut-off wavelength can be shifted to the longer wavelengths by increasing the value of r v The cut-off 
wavelength is set based on the length of the optical fiber used and on the employed wavelength band. For this reason, 
in general, the numerical limits for r, cannot be expressed, however, typically, r t is selected from the range of 5-20 jam. 
[0055] The outer diameter of cladding 4 is typically 1 25 urn 

25 [0056] The relative refractive index differences for the middle portion 2 and the central core 1 when taking the re- 
fractive index of the cladding 4 as the standard are designed as A-, and A 2 respectively. In this case, it is preferable 
that At be 0.30% or less, and preferably 0.26% or less, and A 2 be -0.05-0.15%. 

[0057] When A^ exceeds 0.30%, it becomes difficult to increase Aeff. Further, when A 2 becomes larger than -0.05% 
(i.e., the absolute value of A 2 becomes smaller), then bending loss increases. When A 2 becomes smaller than -0.15% 
30 (i.e., when the absolute value of A 2 becomes larger), then Aeff tends to decrease. 

[0058] Figure 4 is graph showing the change in Aeff and bending loss at a 1.55 ujti employed wavelength when 
setting A 2 to -0.05% and r^ to 4.0, and varying the cut-off wavelength according to the 2 m method by 0.1 \xm 
increments within the range of 1 .3-1 .7 urn 

[0059] Aeff tends to decrease and bending loss tends to increase as the value of r, decreases and the cut-off wave- 
35 length shifts to the short wavelengths. On the other hand, Aeff tends to increase and bending loss tends to decrease 
as the value of r, increases and the cut-off wavelength shifts to the long wavelengths. 

[0060] The straight lines shown in the graph are determined for each value of A v A^ is set at intervals of 0.02% in 

the range of 0.18-0.30%. 

[0061] Aeff tends to decrease as A-j increases. 

40 [0062] The bending loss tends to decrease as A-, increases. 

[0063] A 2 , rg/r, and the employed wavelength value are set in this way. By selecting the various structural parameters 
that satisfy the conditions for the present invention's Aeff, bending loss, and cut-off wavelength based on the graph in 
which the value of r, is varied, an optical fiber can be designed that has the refractive index profile shown in Figure 3 
and which satisfies the conditions for the present invention. Further, it is preferable to design this optical fiber while 

45 taking into consideration the conditions for the increase in the sandpaper tension winding loss. 

[0064] Accordingly, even if an optical fiber has the refractive index profile shown in Figure 3 and satisfies the desirable 
numerical limits for r^r,, A-,, and A 2 as described above, this does not mean that it will absolutely satisfy the Aeff, 
bending toss, cut-off wavelength and increase in the sandpaper tension winding loss characteristics as described 
above. Rather, the unique characteristic of the present invention's optical fiber is realized by suitably combining these 

so structural parameters. 

[0065] For this reason, it is difficult to specify the present invention from the numerical limits for these structural 
parameters. Rather, the present invention is specified based on the refractive index profile and the characteristic values 
of the optical fiber. This of course has not been possible in the conventional art. 

[0066] Figure 5 shows a second example of the refractive index profile for the present invention's optical fiber. 
55 [0067] This refractive index profile differs from that of the first example shown in Figure 3 in that a ring core 3 has 
been provided in between middle part 2 and cladding 4. In general, this type of refractive index profile is referred to as 
a 'ring profile*. 

[0068] The refractive index of ring core 3 is higher than that of middle part 2 and cladding 4, but is lower than that 
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of central core 1 . 

[0069] In this optical fiber, central core 1 and ring core 3 are comprised of germanium-doped quartz glass, middle 
part 2 is comprised of fluorine-doped quartz glass or pure quartz glass, and cladding 4 is comprised of pure quartz 
glass or chlorine-doped quartz glass, for example. 

s [0070] As in the case of the first example, this optical fiber can also be fabricated using a VAD method, for example. 
[0071] The radius of ring core 3 (i.e., the core radius) is designated as r3 in this example. In this case, it is preferable 
that 3.0£r2/r,£4.0, and 4. 0£ n/r-,^5.0. When r^ is less than 3.0, then the light's electric field distribution tends to pass 
through middle part 2 and readily reach ring core 3. As a result, bending loss tends to increase. Further, when r^/r, 
exceeds 4.0, then the light is too strongly contained within the core, so that the effect of providing a middle part 2 is 

io reduced. As a result, the effect obtained from increasing Aeff is diminished. In addition, when ryr n is less than 4.0, 
then the effect of providing a ring core 3 is reduced. As a result, the effect obtained from increasing Aeff is diminished. 
Finally, when ry^ exceeds 5.0. bending loss tends to increase. 

[0072] As discussed above, it is possible to shift the cut-off wavelength to the longer wavelengths by increasing the 
value of r v In this example, typically, is selected from the range of 5-20 urn. 
?5 [0073] The outer diameter of cladding 4 is typically around 1 25 \irr\. 

[0074] In this example, the relative refractive index of the ring core 3 when the refractive index of the cladding 4 is 
taken as the standard is designated as A 3 . In this case, it is preferable that A A be 0.35% or less, A 2 be 0--0.2%, and 
A 3 be+0.05-+0.2%. 

[0075] When A 1 exceeds 0.35%, it becomes difficult to increase Aeff. When A 2 becomes smaller than -0.2% (i.e., 
20 the absolute value of A2 increases), then Aeff tends to decrease. Further, when A 3 is less than +0.05, then the effect 
of providing a ring core 3 is decreased, and the effect of increasing Aeff also tends to diminish. When A 3 exceeds 
+0.2%, then bending loss tends to increase. 

[0076] However, as in the case of the first example, even in an optical fiber that has the refractive index profile shown 
in Figure 5 and satisfies the desirable numerical limits for rg/r v r 3 /r 1 , A,, Ag and A 3 as described above, this does not 
25 mean that it will absolutely satisfy the Aeff, bending loss, cut-off wavelength and increase in sandpaper tension winding 
loss characteristics described above. The unique characteristics of the present invention are realized by suitably com- 
bining these structural parameters. 

[0077] In the present invention, by suitably adjusting the structural parameters in an optical fiber having a refractive 
index profile of a relatively simple structure such as shown in Figures 3 and 5, it is possible to provide an optical fiber 
30 at low cost in which Aeff is increased and bending loss is decreased, and that has a cut-off wavelength that is capable 
of single mode propagation in an employed wavelength band that is selected from the range of 1 .53-1 .63 ^m. Moreover, 
it is possible to reduce the increase in the sandpaper tension winding loss. 

[0078] As a result, it is possible to provide an optical fiber in which worsening transmission loss is avoided by de- 
creasing nonlinearity in an employed wavelength band selected from the range of 1.53-1 .63 jam. At the same time, 
35 worsening transmission loss due to microbending that occur in the optical fiber during installation becomes less likely, 
and single mode propagation can be assured. 

[0079] It is possible to construct an optical transmission system by combining the present invention's optical fiber 
with a so-called dispersion compensating optical fiber. The employed wavelength band in this optical transmission 
system is the same as that for the present invention's optical fiber. 

40 [0080] The dispersion compensating optical fiber has a wavelength dispersion value that is a different signal and 
has a large absolute value comparison with the wavelength dispersion value of the optical fiber that forms the majority 
of the transmission path. Similarly, the dispersion slope is a value that has a different signal and has a large absolute 
value comparison witrh the dispersion slope of the optical fiber that forms most of the transmission path. 
[0081] The dispersion slope is the slope of the curve that is obtained by plotting the wavelength dispersion value 

45 where the wavelength is plotted on the horizontal axis and the wavelength dispersion value is plotted on the vertical 
axis. The dispersion slope is an index that expresses the dependence of the wavelength dispersion value on wave- 
length. Where sending optical signals having multiple different wavelengths, as in the case of wavelength multiplexing 
transmission, when the dispersion slope is large, then the transmission state between wavelength intervals deviates 
and causes degradation of optical signal. For this reason, when employing optical fiber in WDM (wavelength division 

50 multiplexing) transmission, it is preferable to employ a dispersion compensating optical fiber that compensates the 
wavelength dispersion and dispersion slope simultaneously. Moreover, depending on the application, it is also possible 
to use a dispersion compensating optical fiber that compensates the dispersion slope only. 

[0082] The present invention's optical fiber may be disposed to the side at which the optical signal incidents, and a 
dispersion compensating optical fiber may be disposed on the side where the optical signal is emitted. As a result, the 
55 dispersion slope or the wavelength dispersing value, which accumulate due to transmission through the optical fiber 
on the incidenting side, are negated by the relatively short dispersion compensating optical fiber on the emitting side. 
As a result, one or both of the dispersion slope and the average wavelength dispersion value become smaller when 
these optical fibers are combined (i.e., when the optical fiber and the dispersion compensating optical fiber are com- 
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bined). Thus, it is possible to control the transmission loss that is caused by wavelength dispersion. 
[0083] Moreover, the present invention's optical fiber has a large Aeff, making it possible to limit the transmission 
loss that is caused by nonlinearity. As a result, it is possible to construct an optical transmission system having extremely 
good transmission characteristics. 
5 [0084] In this optical transmission system, S1 is the value obtained when the length of the optical fiber employed is 
multiplied with the dispersion slope per unit length of the optical fiber that is the object of compensation. S2 is the value 
obtained when the length of the dispersion compensating optical fiber employed is multiplied with the dispersion slope 
per unit length of the dispersion compensating optical fiber. 

[0085] In addition, the ratio of the absolute value of S2 to the absolute value of S1 is referred to as the "dispersion 
w slope compensation ratio". 

[0086] In this optical transmission system, it is preferable to set the length of the optical fiber employed, the charac- 
teristics of the dispersion compensating optical fiber and the length of the dispersion compensating optical fiber em- 
ployed so that the compensation ratio of the dispersion slope will be 80% or more. 

[0087] Provided that it can compensate one or both of the wavelength dispersion value and the dispersion slope for 
is the present invention's optical fiber, then the dispersion compensating optical fiber employed in the present invention's 
optical transmission system is not particularly restricted. 

[0088] For example, a dispersion compensating optical fiber having the same refractive index profile as that shown 
in Figure 3 and provided with the characteristics of a dispersion compensating optical fiber by adjusting these structural 
parameters may be cited as an example of a dispersion compensating optical fiber suitably employed in the present 
20 invention. These structural parameters are suitably adjusted based on the dispersion slope or the wavelength disper- 
sion value of the optical fiber that is the object of compensation. 

[0089] Specifically, it is preferable that the dispersion compensating optical fiber has -1 5—1 40 ps/nm/km of the wave- 
length dispersion in the employed wavelength band. Further, it is preferable that the dispersion compensating optical 
fiber has a dispersion slope compensation ratio of 80% or more when compensating the aforementioned optical fiber 
25 with a length of the compensating optical fiber such that the compensating optical fiber can compensate the wavelength 
dispersion of the optical fiber to be compensated to zero, the dispersion compensating optical fiber has and a bending 
loss of 100 dB/m or less, preferably 40 dB/m or less. If the bending loss is small in this way, then the transmission loss 
is small even if the dispersion compensating optical fiber is rendered into a cable and inserted into an optical trans- 
mission system. 

30 [0090] The reference above to a "length such that it can compensate the wavelength dispersion of the optical fiber 
to be compensated to zero" refers to the length which can be obtained by dividing the value obtained by multiplying 
the length of the optical fiber employed with the absolute value of the wavelength dispersion per unit length of the 
optical fiber, by the absolute value of the wavelength dispersion per unit length of the dispersion compensating optical 
fiber. By using the optical fiber and the dispersion compensating optical fiber at these employed lengths, the wavelength 

35 dispersion in the optical transmission system theoretically should become zero. 

[0091] Specifically, a dispersion compensating optical fiber having the same refractive index profile as shown in 
Figure 5 which satisfies the following conditions is desirable. 

[0092] Namely, this dispersion compensating optical fiber has a core and a cladding 4 that is provided around the 
outer periphery of this core. The core consists of a central core 1 that has a higher refractive index than that of cladding 
^o 4; a middle part 2 that is provided around the outer periphery of central core 1 and has a lower refractive index than 
cladding 4; and a ring core 3 that is provided around the outer periphery of middle core 2 and has a higher refractive 
index than that of cladding 4. 

[0093] r, is in the range of 2-3 ujti, A, is in the range of 0.9-1 .5%, A 2 is in the range of -0.35—0.45%, A 3 is in the 
range of 0.2-1.2%, r^ is in the range of 2.0-3.5, and ry^ is in the range of 3.0-5.0. In the employed wavelength 

45 band, the effective core area is 20 urn 2 or more, preferably 25 urn 2 or more, the bending loss is 40 dB/m or less, and 
the wavelength dispersion is in the range of -65- -45 ps/nm/km. This dispersion compensating optical fiber has a cut- 
off wavelength capable of substantially single mode propagation. Further, this dispersion compensating optical fiber 
has a dispersion slope compensation ratio of 80-120% when compensating the aforementioned single mode optical 
fiber with a length of the compensating optical fiber that can compensate the wavelength dispersion of the optical fiber 

50 to zero. 

[0094] As in the case of the present invention's optical fiber, by selecting and combining suitable values from numer- 
ical limits for the preceding structural parameters of this dispersion compensating optical fiber, it is possible to realize 
desirable characteristics. 

[0095] This dispersion compensating optical fiber has low loss and does not readily give rise to nonlinearity Thus, 
55 this is advantageous in that, even if there is a slight variation in the structural parameters during fabrication, the wave- 
length dispersion and dispersion slope do not readily change, so that product yield remains high. 
[0096] Note that if cladding 4 is formed from quartz glass to which a slight amount of fluorine has been doped, then 
a dispersion compensating optical fiber can be obtained that has particularly low transmission loss. 
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[0097] As in the case of the present invention's optical fiber, these dispersion compensating optical fibers may also 
be fabricated using VAD, MC VD, PCVD or similar methods. Further, the same materials may be employed for each of 
the layers in the dispersion compensating optical fiber as were used in the present invention's optical fiber. 
[0098] It is preferable that the average wavelength dispersion value in an optical transmission system that compen- 
sates for wavelength dispersion using a dispersion compensating optical fiber in this way be as small as possible. By 
incorporating a suitable dispersion compensating optical fiber, and selecting the employed length therefore, in a system 
employing the present invention's optical fiber, it is possible to obtain a wavelength dispersion range of -6-+6 ps/km/nm. 

Embodiment 

[0099] Embodiments of the present invention will now be explained in detail. 
(Example 1) 

is [0100] An optical fiber having the refractive index profile shown in Figure 3 was fabricated using the VAD method. 
The central core was comprised of germanium-doped quartz glass, the middle part was comprised of fluorine-doped 
quartz glass, and the cladding was comprised of pure quartz glass. 

[0101] The At and in this optical fiber were 0.24% and -0.05%, respectively. ^ and r2 were 6.6 and 26.5 um, 
respectively. The outer diameter of the cladding was 1 25 um. The characteristics of this optical fiber are shown in Table 
20 1 . Each of the characteristic values was measured at 1.55 um The cut-off wavelength was measured using the 2 m 
method. 



25 



30 



35 



40 



45 



50 



55 



8 



EP 1 076 250 A1 



CD 



& | 


12.7 




53 ~~ 

s s 


CM 
CO 
*H 


outer 
diameter of 
coating 
(urn) 


O 

o 


Cut-off 
wavelength 


1.55 


increase in 
sandpaper 

tension 
winding loss 

(dB/km) 


in 
o 


o> 

5 i 
s 

2 


1.550 


Dispersion 

slope 
(ps/nm 2 /km) 


+0.062 


M 


o 

rH 


Wavelength 
dispersion 
(ps/nm/km) 


+20.7 


< 


-0.05 


Transmission 
loss (dB/km) 


0.186 




0.24 


bending loss 
(dB/m) 


N 
• 

N 


10.2 



Patent provided by Sughrue Mion, PLLC - http:/Awww. sughrue.com 



EP 1 076 250 A1 

(Example 2) 

[0102] An optical fiber was prepared in the same manner as in Example 1, with the exception that the central core 
was comprised of pure quartz glass and the cladding was comprised of fluorine-doped quartz glass. 
[0103] The optical characteristics of this optical fiber were the same as those shown in Table 1 for the optical fiber 
in Example 1, with exception that the transmission loss was 0.178 dB/km, 0.01 dB/km less than the optical fiber in 
Example 1 . 

(Example 3) 



10 



[0104] An optical fiber having the refractive index profite shown in Figure 5 was fabricated using the VAD method. 
The central core and the ring core were comprised of germanium-doped quartz glass, the middle part was comprised 
of fluorine-doped quartz glass, and the cladding was comprised of pure quartz glass. 

[0105] The A v A 2 , and A 3 in this optical fiber were 0.28%,-0.05%, and +0.1 3%, respectively. r lf r 2 and r 3 were 7.75 
15 ujti, 26.35 jam, and 31 urn respectively. The outer diameter of the cladding was approximately 1 25 fim. 

[0106] The characteristics of this optical fiber are shown in Table 2. Each of the characteristic values was measured 
at 1 .55 u.m. The cut-off wavelength was measured using the 2 m method. 
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(Comparative Example 1 ) 

[0107] An optical fiber was fabricated that had a staircase refractive index profile in which cladding with a low refractive 
index was provided around a core that had a high refractive index. The core was comprised of germanium-doped 
quartz glass and the cladding was comprised of pure quartz glass. 

[0108] The difference in the relative refractive index in this optical fiber when taking the refractive index of the cladding 
as the standard was 0.34%. The core radius was 4.8 jim and the cladding outer diameter was approximately 125 urn. 
[01 09] The measured value of Aeff at 1 .55 \im in this optical fiber was approximately 88 ujn 2 , the bending loss was 
5 dB/m and the cut-off wavelength using the 2 m method was 1 .37 um 

[0110] From the above result, it was clear that Aeff was sufficiently increased in the optical fibers of Examples 1-3 
according to the present invention. Further, it was clear that these optical fibers had small bending losses and small 
increases in the sandpaper tension winding loss, and were capable of single mode propagation at 1 .55 urn 
[0111] In addition, it was clear that Aeff could be more greatly increased in these optical fibers than in the optical 
fiber of Comparative Example 1, enabling a decrease in nonlinearity. 

(Example 4) 

[0112] The optical fiber of Example 2 and a dispersion compensating optical fiber for compensating the dispersion 
slope and wavelength dispersion of the optical fiber from Example 2 were fabricated. The dispersion compensating 
optical fiber was connected to the optical fiber on the side where the optical signal is emitted, to form the optical 
transmission system. The optical fiber of Example 2 was 30.9 km and the dispersion compensating optical fiber was 
5.0 km, so that the total transmission path was 35.9 km. 

[011 3] A dispersion compensating optical fiber was employed that had the same refractive index profile as shown in 
Figure 3, and had a dispersion slope and wavelength dispersion value for a signal that differed from that of the optical 
fiber of Example 2 by adjusting these structural parameters. The material and the fabrication method were the same 
as those employed in Example 2. 

[0114] The structural parameters, characteristics, and dispersion slope compensation ratio of this dispersion com- 
pensating optical fiber are shown in Table 3. 
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[01 1 5] The average wavelength dispersion value for the transmission path when the dispersion compensating optical 
fiber and the optical fiber of Example 2 were combined was almost zero at 1.55 um The remaining dispersion slope 
was +0. 1 47 ps/nm 2 over the entire length of the transmission path. When calculated per unit length, an extremely small 
dispersion slope of +0.004 ps/km/nm 2 was obtained. 

$ [0116] Thus, the optical fiber of Example 2 according to the present invention is employed on the side at which the 
optical signal incidents. The Aeff of this optical fiber is large, so that there is almost ho degradation of optical signal 
due to nontinearity, and the dispersion slope and wavelength dispersion value can be compensated on the side at 
which the optical signal was emitted. For this reason, there is no degradation of optical signal characteristics caused 
by dispersion properties, so that an optical transmission system having extremely good transmission characteristics 

io can be obtained. 



(Example 5) 



[0117] An optical fiber was fabricated in the same manner as in Example 1 , with the exception that and A 2 were 
15 0.25% and-0.05%, and r, and r 2 were 6.7 ujn and 26.8 jim, respectively. 

[0118] The characteristics of this optical fiber are shown in Table 4. Each of the characteristic values was measured 
at 1 .55 urn The cut-off wavelength was measured using the 2 m method. 
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(Example 6) 

[0119] An optical fiber was fabricated in the same manner as in Example 1, with the exception that r t and r2 were 
6.9 pm and 27.5 jam, respectively. 

[0120] The characteristics of this optical fiber are shown in Table 5. Each of the characteristic values was measured 
at 1 .55 urn. The cut-off wavelength was measured using the 2 m method. 
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[0121] The optical fiber of Example 5 and a dispersion compensating optica! fiber for compensating the dispersion 
slope and wavelength dispersion value of the optical fiber from Example 5 were fabricated. The dispersion compen- 
sating optical fiber was connected to the optical fiber on the side where the optical signal is emitted, to form the optical 
transmission system. The optical fiber of Example 5 was 32.63 km and the dispersion compensating optical fiber was 
12.37 km, so that the total transmission path was 45.00 km. 

[0122] A dispersion compensating optical fiber was employed that had the same refractive index profile as shown 
in Figure 5, and had a dispersion slope and wavelength dispersion value for a signal that differed from that of the optical 
fiber of Example 5 by adjusting these structural parameters. The central core and ring core were comprised of germa- 
nium-doped quartz glass, the middle part was comprised of fluorine -doped quartz glass, and a MCVD method was 
employed for the fabrication method. 

[0123] The structural parameters, characteristics, and dispersion slope compensation ratio of this dispersion com- 
pensating optical fiber are shown in Table 6. 
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[01 24] The average wavelength dispersion value for the transmission path when the dispersion compensating optical 
fiber and the optical fiber of Example 5 were combined was almost zero at 1.55 ujtv The remaining dispersion slope 
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was +0.044 ps/nm 2 over the entire length of the transmission path. When calculated per unit length, an extremely small 
dispersion slope of +0.001 ps/km/nm 2 was obtained. 

[0125] Thus, the optical fiber of Example 5 according to the present invention is employed on the side at which the 
optical signal incidents. The Aeff of this optical fiber is large, so that there is almost degradation of optical signal due 
to nonlinearity, and the dispersion slope and wavelength dispersion value can be compensated on the side at which 
the optical signal was emitted. For this reason, there is no degradation of optical signal characteristics caused by 
dispersion properties, so that an optical transmission system having extremely good transmission characteristics can 
be obtained. 

Claims 



1. An optical fiber provided with a refractive index profile having a central core; a middle part provided around the 
outer periphery of said central core and having a lower refractive index than that of said central core; and a cladding 
provided around the periphery of said middle part and having a higher refractive index than said middle part and 
a lower refractive index than said central core; wherein 

said optical fiber has an effective core area of 120 urn 2 or more in an employed wavelength band selected 
from the range of 1.53-1 .63 ujti, and has a cut-off wavelength that is capable of substantially single mode propa- 
gation in said employed wavelength band. 

2. An optical fiber according to claim 1 , characterized in that the effective core area is 140 ujti 2 or more. 

3. An optical fiber according to claim 1 , characterized in that the bending loss is 100 dB/m or less. 

25 4. An optical fiber according to claim 1 , characterized in that the bending loss is 20 dB/m or less. 

5. An optical fiber according to claim 1, characterized in that the effective core area is 120 um 2 or more, and the 
increase in the sandpaper tension winding loss is 10 dB/km or less. 

30 6. An optical fiber according to claim 1, characterized in that the effective core area is 120 urn 2 or more, and the 
increase in the sandpaper tension winding loss is 1 dB/km or less. 

7. An optical fiber according to claim 1 , characterized in that the effective core area is 1 20- 1 50 u.m 2 and the increase 
in the sandpaper tension winding loss is 0.3 dB/km or less. 

35 

8. An optical fiber according to claim 1 , characterized in that, when the radius of the central core is designated as r, 
and the radius of the middle part is designated as r2, then aO^r^r^S.O, and, when specific refractive index dif- 
ferences for the central core and the middle part are designated as A, and A 2 respectively where the refractive 
index of the cladding is taken as the standard, then A, is 0.30% or less and Ag is-0.05— 0. 1 5%. 

40 

9. An optical fiber according to claim 8, characterized in that A., is 0.26% or less. 

10. An optical fiber according to claim 8, characterized in that A2 is -0.05—0.15% or less. 

45 11. An optical fiber according to claim 1 t characterized in that a ring core is provided in between the middle part and 
the cladding, said ring core having a higher refractive index than that of said middle part and said cladding, and a 
lower refractive index than that of the central core. 



12. An optical fiber according to claim 11, characterized in that, 



when the radius of the central core is designated as r 1t the radius of the middle part is designated as r 2 , and 
the radius of the ring core is designated as r 3 , then 3.0^2/^^4.0 and 4.0<r 3 /r 1 <5.0, and, 
when the specific refractive index differences for the central core, the middle part, and the ring core are des- 
ignated as A 1 , A 2 and A 3 respectively where the refractive index of the cladding is taken as the standard, then 
55 a 1 is 0.35% or less, A 2 is 0—0.2%, and A 3 is +0.05~+O.2%. 

13. An optical transmission system characterized in that a dispersion compensating optical fiber is disposed to the 
side of the optical fiber according to claim 1 at which the optical signal is emitted, said dispersion compensating 
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optical fiber compensating one or both of this optical fiber's wavelength dispersing value and dispersing slope. 

14. An optical transmission system according to claim 13, characterized in that the dispersion compensating optical 
fiber is provided with a core and a cladding that is provided around the outer periphery of said core, said core 
5 consisting of a central core having a higher refractive index than said cladding, a middle part that is provided around 

the outer periphery of said central core and has a lower refractive index than said cladding, and a ring core that 
is provided around the outer periphery of said middle core part and has a higher refractive index than said cladding; 
wherein: 

10 when the radius and the relative refractive index difference, with the cladding taken as the standard, for the 

central core, middle part, and ring core are designated as (r v A^, (r 2 , Ag) and (r 3 , A 3 ), respectively, then r, is 
2-3 |xm, A 1 is 0.9-1 .5%, Ag is -0.35—0.45%, A 3 is 0.2-1.2%, \Jx y is 2.0-3.5, and rJr A is 3.0-5.0; 
a cut-off wavelength is provided that is capable of substantially single mode propagation, in which the effective 
core area is 20 jam 2 or more, the bending loss is 40 dB/m or less, and the wavelength dispersion is -65 — 45 

15 ps/nm/km, in an employed wavelength band selected from the range 1.53 um-1.63 u.m; and 

the dispersion slope compensation ratio is in the range of 80-1 20% when compensating said optical fiber with 
a length of the dispersion compensating optical fiber capable of compensating to zero the wavelength disper- 
sion ol the optical fiber to be compensated. 

20 1 5. An optical fiber according to claim 1 3, characterized in that the dispersion compensating optical fiber has effective 
core area being 25 ujti 2 or more. 

16. An optical transmission system according to claim 1 3, wherein the average wavelength dispersion value when an 
optical fiber and a dispersion compensating optical fiber are combined is in the range of -6~+6 ps/nm/km. 
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